Abstract: Comparisons of morphology, nuclear gene sequencing and microsatellites were used to identify 19 hybrids between the related species Cottus poecilopus and Cottus gobio in three rivers of the Odra River drainage basin. All hybrids were the results of backcrossing and no F1 generation hybrid was found. The resulting progeny are fertile and continue in backcrossing with parental conspecifics. A high representation of backcrosses appears to indicate a lack of reproduction barriers within the hybridization process. It was impossible to differentiate individual back-cross categories on the sole basis of six loci. Mitochondrial haplotypes indicate that this is not a one-way process. In our study, hybridization was asymmetrical in favour of Cottus poecilopus.
Introduction
Interspecific hybridization in fishes has been at the centre of scientific interest for a number of years. Whereas previously, the occurrence of hybrids in nature was considered anomalous, conservation aspects, use in aquaculture, and the possible importance and participation of hybridization in evolution and speciation has led to an increased appreciation of hybridization processes, as indicated by the large number of papers published during recent decades (e.g., Pitts et al. 1997; Turner 1999; Allendorf et al. 2001; Schwartz 2001; Hänfling et al. 2005; Nolte et al. 2006; Wyatt et al. 2006; Lajbner et al. 2009 ).
In the Czech Republic, the occurrence of Cottus poecilopus Heckel, 1837 is limited to the Odra River (Baltic Sea basin) and Morava River (Black Sea basin) drainage basins. In addition to these two drainage basins, Cottus gobio L., 1758 also occurs along the Labe River (North Sea basin). In areas of their sympatric occurrence, C. poecilopus invariably inhabits the upstream headwaters and C. gobio the downstream lowland stretches, due to their differing temperature and oxygen toleration limits (Zelinka 1951; Müller 1960; Starmach 1965; Čihař 1969) . On rare occasions, the two species occur sympatrically along river sections up to several kilometres in length; for example, where C. poecilopus occur in a tributary and C. gobio in the main stream, low numbers of C. poecilopus may occur along a short section of the main stream. The first record of possible hybridisation between these two bullheads was recorded by Mahen (1927) , who based his finding on transverse striations found on the ventral fins of individuals from an area of common occurrence on the Váh River (Slovakia, Black Sea basin). Further records of probable hybrids were provided by Zelinka (1951) , for the Vsetínská Bečva River (Morava drainage basin), and Čihař (1969) , for the Morávka River (Odra drainage basin). In these cases, the ventral fins of several individuals thought to be C. gobio reached the anus and their 4 th ray was extremely short, both characteristics typical of C. poecilopus. According to results of experimental laboratory hybridization of C. gobio × C. poecilopus carried out by Andreasson (1968) , the sex of parental individuals strongly influenced the occurrence of specific discrimination characters in F1 hybrids.
Both C. gobio and C. poecilopus are very similar in their evolutionary biological and ecological characteristics, their reproduction strategies and behaviour being literally identical. Where they occur together, therefore, one may expect probable hybridization, as confirmed under laboratory conditions by Andreasson (1968 Andreasson ( , 1972 . This would result in F1 hybrids as well as individuals produced by back-crossing with a parental species (conspecific). Using traditional taxonomic methods, however, it is difficult to identify hybrids of morphologically similar species, particularly post-F1 hybrids. In such cases, morphological or morphometric studies need to be supplemented with genetic analysis (see Alves et al. 1997; Demandt & Bergek 2009; Freyhof et al. 2005; Iguchi et al. 2003; Nolte et al. 2006; Papoušek et al. 2008) . Rather than being purely an accidental phenomenon, hybridization between sympatric Cottus sp. may even lead to the development of novel forms, as documented by Nolte et al. (2009) on the basis of hybridization between lines of C. perifretum and C. rhenanus from the Sieg River (Germany, North Sea basin). Further, Sweigart (2009) has evaluated the hybridization process in bullhead hybrid zones and its possible importance in eventual speciation. C. gobio and C. poecilopus occur sympatrically along stretches of 10 km and more along major streams of the Odra drainage basin, and these can be considered as hybrid zones. There is a strong possibility, therefore, that the two species may gradually show specific characteristics within these stretches as a result of stepwise backcrossing with parental conspecifics.
The application of molecular methods in studies of hybridization and introgression in fishes has allowed confirmation of natural hybridization cases previously unconfirmed by classical morphological methods alone. Genetic analysis utilises two types of marker, uni-parental and bi-parental. In bi-parental heredity, diploid sexually reproducing organisms inherit half their nuclear DNA from each of its two parents, one allele coming from the female and the other from the male. In such cases, hybrids contain a blend of alleles from both parental species. Moreover, in the case of codominant markers, individual alleles can be transmitted from generation to generation. This permits direct detection of hybrids via DNA sequences or microsatellites or, in cases of cytonuclear disequilibrium, in combination with mitochondrial DNA. Uni-parental markers provide information on the parental line from which the fish was derived. In the case of mitochondrial DNA, it is the maternal line.
In this study, we use the bi-parental nuclear marker gene S7 and microsatellites, along with uni-parental mitochondrial DNA of the control region, to confirm bullhead hybridization at selected localities within the Odra River drainage basin, and subsequently to identify F1 and post-F1 hybrids without differentiating advanced back-crosses.
Material and methods

Sampling and morphology
In the Czech Republic, C. gobio and C. poecilopus are registered as species requiring special protection and are protected under national legislature. Further, under NATURA 2000, populations of C. gobio are protected at selected localities of European importance. Collection of study material, therefore, was limited to the taking of tissue samples (segment of pectoral fin) for subsequent genetic analysis; with morphologic analysis undertaken in the field. All fish were sampled randomly from rivers within the Odra River drainage basin and returned to the water alive after sampling.
Hybrid zones along the rivers were tentatively identified by river miles based on previous ichthyological investigations and the following numbers of fish were sampled: Opava River -34 individuals (hybrid zone 11 km long, r.km 70 to 81, sampling r.km 76.3), Ostravice River -16 ind. (hybrid zone 12 km long, r.km 25 to 37, sampling r.km 32.4), and Moravice River -14 ind. (hybrid zone 11 km long, r.km. 75 to 86, sampling r.km 81.3). Hybrid individuals were inferred through irregular transverse banding on the ventral fins and presence or indication of transverse stripes on the short ventral fins. "Pure" individuals of C. poecilopus were sampled from outside the hybrid zones along the rivers Morávka (7 ind.), Kotelný stream (4 ind.), Malý Lipový (6 ind.), and Bílá Ostravice (6 ind.); and C. gobio from the MoraviceŽirnovice River (17 ind.).
Sequence analysis
Genomic DNA was extracted from the fin clippings of 104 individuals using the standard phenol-chloroformisoamylalcohol method (Sambrook et al. 1989 ) with minor modifications. Polymerase Chain Reaction (PCR) was carried out in a total volume of 50 µl. The first intron of the S7 nuclear gene was amplified for C. poecilopus (540 bp) and C. gobio (538 bp) using S7RPEX1F and S7RPEX2R primers, respectively, under the same conditions as Chow & Hazama (1998) . The PCR products obtained were checked using electrophoresis on 1.5% agarose gel and purified by PEG/Mg/NaAc precipitation. The purified products were sequenced in both directions on an ABI PRISM 310 Genetic Analyzer (Applied Biosystems) in the laboratory of the Institute of Vertebrate Biology, Academy of Sciences of the Czech Republic (IVB AS CR, Brno), or on an ABI XL DNA sequencer (Macrogen, Inc., Seoul, Korea). All sequences were aligned and edited manually using the MEGA version 5 programme (Tamura et al. 2011 ). The S7 haplotypes obtained were submitted to the Gene Bank under accession numbers JN181865-866, and the control region haplotypes under accession numbers JN315849-852.
Microsatellite analysis
Of eight microsatellite loci tested (Englbrecht et al. 1999) , six were chosen for subsequent analysis: Cgo05ZIM (FAM), Cgo18ZIM (FAM), Cgo22ZIM (TET), Cgo42ZIM (HEX), Cgo1016PBBE (FAM), and Cgo1033PBBE (TET). The loci were amplified under conditions described in Englbrecht et al. (1999) , with minor modifications, and responses examined in 15 µl by volume. In the case of the Cgo1016PBBE locus, the Mg ion concentration was increased to 1.0 mM and, the elongation time of locus Cgo1033PBBE for C. gobio was increased to 10 min to remove "-A" products. An unexpected complication occurred with amplification during analysis of material from the hybrid zone of the Moravice and, therefore, material from this river was amplified using the Phire Animal Tissue Direct PCR Kit (Finzymes). This kit employs Phire Hot Start II DNA Polymerase, which exhibits extremely high resistance to many of the PCR inhibitors found in animal tissue. The dilution protocol was performed according to the manufacturer's instructions and four loci were amplified, i.e. Cgo18ZIM, Cgo22ZIM, Cgo42ZIM, and Cgo1016PBBE. The amplified fragments were visualised using capillary electrophoresis on an ABI PRISM 310 Genetic Analyzer (Applied Biosystems) in the laboratory of the IVB AS CR. Fragment size was read using the GeneScan100 TAMRA Size Standard (Applied Biosystems) and the software GeneScan analyses 3.7 (Applied Biosystems).
Data analysis
We used the Micro-checker 2.2.1 programme (Van Oosterhout et al. 2004) in order to control possible problems such as null alleles, scoring errors due to stuttering or large allele Explanations: N -number of individuals; Na -number of alleles; A R -allele richness.
dropout (short allele dominance) during amplification. The Arlequin programme ver. 3.5 (Excoffier & Lischer 2010 ) was used to calculate fixation index (Fst) values (as the number of different alleles between groups) to allow genetic differentiation, with 1000 permutations calculated for significance. Number of alleles (Na) was calculated using the Fstat ver. 2.9 (Goudet 2001) and, since the number of alleles depends on sample size, allelic richness (AR) was computed to compare species. This was computed from a minimal sample size of 32 diploid individuals. Allele size range and number of private alleles were evaluated using the GenAlEx 6 software package (Peakall & Smouse 2006) . Na, AR, allele size range and private alleles were evaluated for specimens of both C. poecilopus and C. gobio that had previously been identified as pure species by morphological, nuclear gene sequencing and structure analysis. Cytonuclear disequilibrium (CND) was computed with the CNDm program (Asmussen & Basten 1996) and statistical significance tested with the Fisher's exact test, which is more suitable for small sample sizes (n < 100) (Basten & Asmussen 1997) . CND was only calculated between mtDNA and nuclear loci that possessed alleles from both species. The Cgo22ZIM and Cgo42ZIM loci did not possess alternate alleles, thereby rendering analysis inappropriate (Lajbner et al. 2009 ).
We used 3D Principal Component Analysis (3D PCA), calculated using Genetix version 4.05.2 software (Belkhir et al. 1996 (Belkhir et al. -2004 , to illustrate spatial relationships between alleles and individuals. Initially, analysis was only undertaken on individuals that had been identified by morphology and nuclear gene sequencing as pure species. Potential hybrid individuals determined according to morphology or the nuclear marker were then added to the analysis.
Structure software version 2.3 (Pritchard et al. 2000 ) was used to assess individuals to one of the pure species based on Q value (estimated membership coefficient for each individual, in each cluster). This was performed over 500,000 burnings with 1,000,000 mcmc iterations for K = 2 (number of pure species) using an admixture and correlated allele frequency models.
In order to evaluate the relationship of haplotypes ascertained by us with those defined earlier for the Odra drainage basin, we used the Neighbour-joining algorithm with distance mode based on p-distances. This distance is the proportion of nucleotide sites (p) at which two sequences being compared are different. It is obtained by dividing the number of nucleotide differences by the total number of nucleotides compared and was carried out using MEGA version 5 (Tamura et al. 2011 ). All input formats were prepared using the Create v.1.33 programme (Coombs et al. 2008 ).
Results
Identification of individuals
As a first step, all individuals were determined morphologically and the S7 nuclear gene sequenced. Of the total number of samples, 49 individuals were determined as pure C. poecilopus (all samples from the Morávka, Malý Lipový, Kotelný stream and Bílá Ostravice, 8 individuals from the Opava, 4 from the Moravice, and 14 from the Ostravice), and 36 individuals of C. gobio (all samples from the Moravice-Žirnovice, 16 from the Opava, 2 from the Moravice, and 1 from the Ostravice). 19 samples from the hybrid zones were assessed as potential hybrids (10 from the Opava, 8 from the Moravice, and 1 from the Ostravice), while 7 samples from the Opava initially identified as hybrids based on morphology proved to be C. poecilopus based on S7 nuclear gene. Genetic difference between C. poecilopus and C. gobio in the S7 gene occurred primarily due to the presence of indels, i.e., insertions and deletions in their sequences. Compared to that of C. gobio, the sequence of C. poecilopus contains a deletion 9 bp in length, while five-and two-base insertions occurred in other parts of the gene. Hybrid individuals showed mutual sequence shifts affected by indels. In addition, the two species differed in 12 substitutions (2.2%) that, in the case of hybrids, occur at one place in the form of overlapping peaks in the sequence. A single S7 haplotype was found for each species.
Microsatellite analysis
Six microsatellite loci were polymorphic in both species. Number of alleles ranged between 2 and 32 in C. gobio and 6 and 18 in C. poecilopus (Table 1) . Private alleles with no overlapping range, typical of each of the species under study, were scored at loci Cgo05ZIM, Cgo18ZIM and Cgo1016PBBE. Two alleles (219 and 231) were observed at loci Cgo18ZIM in C. gobio, while allele 219 occurred in one individual only. In the case of Cgo1016PBBE, an allele length of 121-131 bp was typical for C. gobio (allele frequency 0.015-0.456) and 175-225 bp for C. poecilopus (allele frequency 0.009-0.447).
In the case of Cgo1033ZIM, allele lengths overlapped between pure species, though private alleles could be found within populations. Aside from the Moravice River, the allelic range for C. poecilopus was 101-119 bp and 121-141 bp forC. gobio. In the Moravice, the allelic range was identical for both C. gobio and C. poecilopus.
No species-specific alleles were found at loci Cgo22ZIM and Cgo42ZIM. Potential hybrid fishes were scored for all six loci. Hybrid genotypes are listed for four loci in Table 2 . In the Opava population, seven individuals identified as hybrids based on morphology alone (identified as C. poecilopus using S7) possessed alleles typical of C. gobio at locus Cgo1016PBBE, three other hybrids having alleles from C. gobio or C. poecilopus. The only hybrid identified from the Ostravice showed a genotype typical of C. gobio at locus Cgo05ZIM, and alleles typical of C. poecilopus at a further five loci. All observed genotypes in Moravice hybrids came from C. poecilopus. None of the hybrid individuals showed a heterozygous genotype containing alleles of both parental species at all loci, indicating that no F1 generation hybrid was found.
Multidimensional analysis
All six loci were used to compile a 3D PCA (except for Moravice samples, see below). Difficulties encountered in amplification of microsatellites for the Moravice population prevented scoring of all loci analysed for all individuals identified via the S7 marker and morphology. For this reason, microsatellites were amplified at only four loci (see Material and Methods) and included in subsequent analysis. In the case of material from the Moravice, we eliminated one individual each of the two species and five hybrids in which the alleles were not scored at all four loci. 3D PCA analysis included one C. gobio, three C. poecilopus, and three hybrids from the hybrid zone.
Initially, we undertook analysis for pure individuals only, which indicated a clear separation of two clusters, one for C. poecilopus and the second for C. gobio (diagram not shown). Subsequently, potential hybrid individuals were added to the analysis. Most of these created a third cluster lying intermediate between the pure species clusters, though closer to C. poecilopus (Fig. 1) . A single sample, hybrid 9629, lay closer to pure C. gobio, and one individual, hybrid 9640, fell within the group of pure C. poecilopus.
Structure analysis
In all individuals assessed as pure by morphology, S7 sequencing and multidimensional analysis, Q was greater than 0.99 for all runs, except for sample 9647 (C. gobio), where the value reached 0.98. For the hybrid group, the membership coefficient ranged between 0.85-0.99. A value of 0.99 was also observed for hybrids from the Moravice River, where only four loci were analysed, and for sample 9640, which lay within the C. poecilopus cluster in the multidimensional analysis.
Analysis of maternal line
We amplified the uni-parental inherited control region in order to detect the maternal line and the presence of possible CND (which occurs in hybrids that have a cytoplasmic marker from one species and a nuclear marker from the other). No allelic or genotypic cytonuclear disequilibria were found. Analysis of mtDNA indicated that both females are involved in hybridization events. Of the 19 hybrids, 17 had mitochondrial haplotypes from C. poecilopus and one from C. gobio. In one case, we did not succeed in analysing maternal DNA (Ostravice hybrid). According to the mitochondrial haplotypes, hybrids lie closer to their maternal species in 3D space. We can infer, therefore, that where analysis of maternal DNA failed, C. gobio was the probable maternal species.
One mt haplotype was found in C. gobio and six haplotypes (Hapl -Hap6) in C. poecilopus. Haplotypes OD1 -OD13 have already been identified in C. poecilopus from the Odra River drainage basin (Lusk et al. 2008) . According to sequential variability, four of the six haplotypes we identified do not agree with any of those described earlier. For this reason, we describe the four new haplotypes as part of the OD series (i.e., OD14 = Hap1, OD15 = Hap2, OD16 = Hap4, and OD17 = Hap6), Hap3 as agreeing with an earlier described haplotype from the Bílá Ostravice (OD9), and Hap5 from the Moravice River as agreeing with the OD5 haplotype from the Kotelný stream. Neighbour-joining (NJ) analysis revealed a close proximity of the new haplotypes, Hap1, Hap2 and Hap4, with those from the Morávka and the Bílá Ostravice rivers (Fig. 2) . All individuals from the Ostravice River possessed the new Hap6 haplotype, which falls closest to the Bílá Ostravice population in the NJ tree (Fig. 2) . In the Opava River, hybrid individuals showed haplotype Hap1 four times, Hap3 twice, and Hap4 four times, while all hybrids from the Moravice River possessed Hap5.
Discussion
Hybridization takes place most frequently between fish species with similar ecological and biological requirements, the hybrid zone developing where their ranges overlap, e.g., between the upstream and downstream stretches of a stream (Lajbner et al. 2009; Crespin & Berrebi 1999 ), a situation typical in bullheads (Nolte et Fig. 2 . Neighbour-joining tree compiled from mt markers of the control region. The tree shows the proximity of individual haplotypes based on p-distance. Haplotypes ascertained by the authors are in bold type. Haplotypes OD l-l3 adopted from Lusk et al. (2008) . . 2006) . In this case, as their reproduction strategies and behaviour are practically identical, spatial isolation is primarily due to habitat preference. Thus, in the case of habitat loss, a rapid gene flow may occur between the two species and the populations may potentially merge to form a single hybrid population (Seehausen et al. 2008) . According to Andreasson (1968) , hybridization between bullheads in Sweden is affected considerably by stream modification. In general, a hybrid population is characterised by a large number of recombinant genotypes and by the absence, or an extremely low number, of pure individuals and F1 hybrids, as found by Berrebi et al. (1993) in Barbus sp. As long as the hybridization remains a temporary phenomenon, the balance between hybrids and pure species is maintained through selection (Arnold & Hodges 1995) .
In our study of three bullhead populations in the Odra River drainage, a combination of morphology and two nuclear genetic markers served to identify 19 potential hybridizations between C. poecilopus and C. gobio. None of the hybrid individuals had a heterozygous genotype containing alleles of both parental species at all loci, indicating no F1 generation hybridisation. Nolte et al. (2006) arrived at a similar conclusion in their study of the hybrid zones of C. rhenanus × C. perifretum, where they found a very sporadic occurrence of F1 hybrids. Our results, however, indicate that the two populations have not yet merged fully as there are still a large number of "pure" individuals of the two species present. On the other hand, genetic differentiation between the three separate groups defined is high, as indicated by the Fst index between the pure species and the hybrids ( Table 3 ). The absence of F1 hybrids, therefore, may be caused by selective mortality or assortative mating (Nolte et al. 2006) . Microsatellite analysis indicates that the hybrid zones contain sympatric pure species and their back-crosses. The high percentage of hybrids compared to pure species in the Opava and Moravice rivers could indicate the presence of a continuous hybridization process in the absence of hybridization barriers (Nolte et al. 2006) . As regards the Ostravice River, the presence of a low number of hybrids is likely to be a result of sampling error as a back-cross of an n-th generation individual was identified. Of the total number of potential hybrids (19), seven were not identified by sequencing of the S7 nuclear gene. In these cases, it is most likely that repeated crossing took place between hybrids and those species to which they were closest related. Multidimensional analysis indicated that all seven hybrids lay outside the "pure clusters", while structure analysis indicated a Q value varying between 0.96-0.98 compared to a value of ≥ 0.99 for pure individuals. One sample identified as a hybrid via morphology and S7 sequencing, however, was clustered alongside pure C. poecilopus in multidimensional and structure analysis. Similarly, individuals from the Moravice were identified via morphology and PCA as hybrids, despite having a Q value of 0.99, though only four loci were used. This highlights the necessity of employing a large number of microsatellite loci to achieve reliable statistical results. The New Hybrids programme (Anderson & Thomson 2002) computes the posterior distribution of individuals in a sample, placing them in different categories that allow an approximate categorization. The method, therefore, is particularly suitable for differentiation between pure individuals and recent hybrids (Anderson & Thomson 2002) . This method does not require knowledge of allele frequency in individual species nor do the loci applied have to be diagnostic. Alleles at the loci used in this study, however, indicated that we had found hybrids of remote back-crossings and, therefore, the use of the New Hybrids programme was deemed inappropriate. In fact, the continuous back-crossing with parentals noted in this study required the use of many markers in order to reliably distinguish between the parents. For example, the probability of being classified as a parent for back-cross 5 (BC-5) was still over 30% when 30 loci were used (Boecklen & Howard 1997) . Based on six markers, therefore, we can reliably state that we did not identify any F1 hybrid, nor did we differentiate any further categories.
The necessity of using more markers was also confirmed by the genetic analysis of nine bullheads from the Svratka River (Czech Republic; Lusk et al. 2011) . Tentative analysis of the nuclear gene revealed one hybrid but a thorough examination of morphometric characters indicated the probable presence of a larger number. The material from this area, therefore, requires additional microsatellite analysis to confirm or refute this hypothesis.
Alleles at loci Cgo1033PBBE of one C. gobio individual (sample 9647) also indicate the possible crossing of individuals from the Moravice and Opava rivers (the Moravice River is a right-side tributary of the Opava). In this instance, we do not consider this a hybrid individual as both morphological and multidimensional analyses indicate that it was a pure C. gobio.
Mitochondrial haplotypes tend to indicate that hybridization is not unidirectional, as demonstrated experimentally by Andreasson (1968) . C. poecilopus was the maternal species for most hybrids sampled in the Odra River drainage, thereby indicating asymmetrical hybridization, a system known for other fish species (Dermandt & Bergek 2009; Lajbner et al. 2009 ). Dermandt & Bergek (2009) explain asymmetrical hy-bridization in cyprinids as due to population structure, i.e. species represented by a larger number and/or with a larger territory at a locality will have a greater share in the hybridization. On the other hand, Berrebi et al. (1993) state that direction of hybridization is affected by habitat preference, with individuals living upstream able to enter downstream habitat more readily than vice versa and hybridization direction, therefore, pointing more toward the downstream habitat. The downstream shift of fishes, and particularly of benthic species, is heavily affected by flood water discharge (Lusk et al. 1998) , as has been observed in the case of C. poecilopus in the Odra river drainage (Lojkásek et al. 2005) . Bullheads from the Opava and Moravice rivers also occurred in hybrid zones; with C. poecilopus inhabiting the upstream and C. gobio the downstream stretches and direction of hybridization pointing to C. poecilopus (upstream). Spawning of different bullhead species tends to overlap in time. C. poecilopus, however, reaches sexual maturity earlier than C. gobio and, therefore, is able to initiate spawning behaviour earlier. In general, males are able to spawning a little earlier than females in both species. Thus, C. poecilopus males have a greater choice of females and a slightly longer period in which to spawn than C. gobio. Where both species are numerous (e.g., Moravice, Opava), therefore, there is a greater likelihood that hybrids will have a female C. poecilopus as a parent as C. gobio males are able to spawn when C. gobio females are not. In the case of a predominance of one species, the situation is different. This was confirmed at the Svratka hybrid zone (Morava drainage basin) (Marešová, unpublished) , where there are a high numbers of C. gobio but only occasional C. poecilopus. C. poecilopus males have little chance of finding a female of the same species and, therefore, they are more likely to initiate spawning with a female C. gobio. As regards formation of hybrids, or their origin in terms of species of mother, the mutual proportion of two species within the hybrid zone has always been considered a fundamental factor. Other factors, however, may also apply, such as habitat character or water temperature, which may determine timing of sexual maturation in individual species. We cannot say, therefore, that all hybrids occurring at a site will have the same mother species, though one or other of the species will tend to dominate.
Our study confirms, therefore, that the occurrence of hybrids is highly likely in rivers with sympatric occurrence of bullhead species (see also Nolte et al. 2006 Nolte et al. , 2009 Lusk et al. 2011 ). In such hybrid zones, hybridization is likely to be continuous, with no effective reproduction barriers. Identification of hybrids based on visual examination only, however, is problematic and we recommend using molecular genetic tools in combination as the best means of discriminating pure species and their hybrids. Genetic analysis of hybrids or backcross categories using a single nuclear marker is unlikely to be sufficient or reliable in the case of an intensely hybridizing population (Dudu et al. 2011) .
